One sentence summary: The Ras1-Cdc42 pathway is required for hyphal development in Schizosaccharomyces japonicus, although none of the MAPK pathways are required for hyphal induction. Editor: Monique Bolotin-Fukuhara
INTRODUCTION
Many dimorphic yeasts are pathogenic to plants and animals, including humans, and their pathogenicity is closely related to hyphal growth. Therefore, elucidation of the mechanism by which yeasts transition into hyphae is important for control of the pathogenesis caused by dimorphic yeasts. Accordingly, the mechanisms for hyphal transition of a dimorphic yeast, Candida albicans, which is an opportunistic human fungal pathogen, have been actively investigated (Sudbery 2011) . In addition, a non-pathogenic dimorphic yeast, Schizosaccharomyces japonicus, has been investigated to elucidate the genetic mechanism of reversible change in the manner of growth between yeasts and hyphae.
Experimentally, hyphal growth of Sz. japonicus is induced by environmental stresses-principally, deterioration of nutrients and DNA damage (Niki 2014; Aoki, Furuya and Niki 2017) . Nutrient deterioration after incubation on an agar plate over a long period of time induces hyphal growth (Sipiczki, Takeo and Grallert 1998; Sipiczki et al. 1999; Furuya and Niki 2012) . By contrast, DNA damage can abruptly induce hyphal growth in growing yeast cells. Addition of a DNA damage reagent, camptothecin (CPT), immediately induces transition from yeast cells to hyphal cells, and reversibly, hyphal cells recover to yeast cells by removal of the drug (Furuya and Niki 2010) . Hyphal induction of Sz. japonicus by DNA damage depends on checkpoint kinase 1 (Chk1). However, the Chk1 protein is dispensable for hyphal induction by nutrient deterioration. Thus, there are at least two pathways for hyphal induction in Sz. japonicus.
It has been revealed that the signal transduction pathways known as mitogen-activated protein kinase (MAPK) pathways are involved in hyphal transition in Saccharomyces cerevisiae, C. albicans and other fungi. In S. cerevisiae, a MAPK pathway is required for pseudohyphal transition (Mösch, Roberts and Fink 1996; Mösch et al. 1999 ). In C. albicans, a MAPK pathway that includes the Ste11-Hst7-Cek1 cascade is required for hyphal transition induced by serum (Feng et al. 1999; Leberer et al. 2001) . Schizosaccharomyces pombe has the ability to change to filamentous growth or form hyphae (Amoah-Buahin, Bone and Armstrong 2005; Matsuzawa et al. 2011) . It has been suggested that the transition from yeast to hyphae in Sz. pombe requires the cyclic AMP pathway but not MAPK (Amoah-Buahin, Bone and Armstrong 2005) . Comparative genomics suggests that three MAPK pathways of Sz. pombe are conserved in Sz. japonicus (Rhind et al. 2011) . One of these, the Byr2-Byr1-Spk1 pathway, functions for mating in response to mating pheromones as follows. After the recognition of mating pheromones, a small GTPase, Ras1, is activated. A signal by Ras1 is transduced through the MAPK pathway including the Byr2 MAPKKK, Byr1 MAPKK and Spk1 MAPK. Finally, Spk1 activates the transcription factor Ste11, and then the expression of genes essential for mating response is activated (Nadin-Davis and Nasim 1990; Toda, Shimanuki and Yanagida 1991; Gotoh et al. 1993; Neiman et al. 1993; Masuda et al. 1995) . The two other conserved pathways are the Wis4/Win1-Wis1-Sty1 pathway, which is required to respond to general stresses, and the Mkh1-Pek1-Pmk1 MAPK pathway, which is needed for the cell wall damage response (Degols, Shiozaki and Russell 1996; Carter and Cooper 1997; Shieh, Martin and Millar 1998; Nguyen and Shiozaki 1999; Sugiura et al. 1999) . In addition to the MAPK pathway, Ras1 also regulates the Cdc42 pathway. The Ras1-Cdc42 pathway is required to maintain cell polarity to conjugate between homothallic cells during mating (Bendezú and Martin 2013) . Ras1 is positively regulated by Ste6 and Efc25, which are Ras1 GEFs (Hughes, Yabana and Yamamoto 1994; Tratner et al. 1997; Papadaki et al. 2002; Weston et al. 2013) .
In this study, we tested the involvement of the MAPK pathways in the transduction of external cues for hyphal induction in Sz. japonicus. For this purpose, we constructed gene-deletion mutants of the MAPK pathways. To confirm the physiological function of the putative MAPK pathways of Sz. japonicus, we investigated the spore-forming abilities, because a MAPK pathway is known to be involved in the mating response of Sz. pombe. We found that none of the MAPK pathways are required for hyphal induction. Instead, the Ras1-Cdc42 pathway is required for hyphal development in Sz. japonicus.
MATERIALS AND METHODS

Media
For rich medium, YE (0.5% yeast extract, 3% glucose) was used. For induction of hyphae by DNA-damage stress, CPT was added to YE at a final concentration of 0.2 μM. When using solid 
Strains
The strains used in this study are shown in Primers used to construct the deletion mutants are shown in Table 2 . 
Hyphal development assay
To observe the hyphal development on agar plates, colonies on a YE agar plate were suspended in 0.5 ml of H 2 O and the cell suspension was streaked on a YE agar, YE + CPT agar or yeast morphology agar plate. The plates were then incubated at 30
• C for 10 days. Invasive growth into agar plates was confirmed by washing the surface of the medium as previously reported (Amoah-Buahin Bone and Armstrong 2005).
Mating assay
Overnight culture of heterothallic cells of both sexes was mixed in EMM2-N medium and incubated for 20 h for mating. Aliquots were taken and the spore formation was observed under a microscope. Cells were classified into three groups: vegetative cells (V), spore-containing asci (A) and free spores (S). The sporulation rate was calculated as follows. Sporulation rate (%) = 100 × (2A + S/4)/(V + 2A + S/4). In this calculation, spore-containing asci were regarded as 2 cells and free spores were regarded as 1/4 cells, because an ascus is composed of 2 parental cells and contains 8 spores in Sz. japonicus.
Microscopy
Exponentially growing cells on YE medium were obtained and observed with a microscope. To induce hyphal cells in liquid medium, CPT was added at a final concentration of 0.2 μM to exponentially growing cells, and the cells were incubated for an additional 4 or 6 h. Aliquots were plated on slide glass and observed with a microscope.
RESULTS
The Ras1-MAPK pathway of Sz. japonicus in meiosis and spore formation 
Requirement of Ras1 for hyphal induction
The MAPK pathway is known to be crucial for hyphal transition in C. albicans, whereas it is not required for hyphal growth in Sz. pombe. invaded the agar media, suggesting weak induction of hyphal cells. These three genes might be involved in the complete suppression of hyphal induction during long-term incubation on YE agar. The CPT-induced DNA-damage signal initiates the conversion to hyphal cells via a Chk1-dependent pathway. A low concentration of CPT (0.2 μM) was added to the agar plates to induce hyphal cells irrespective of whether YE or YMA medium was present (Fig. 2) . Wild-type cells invaded the agar medium containing CPT, indicating that hyphal cells were induced on the YE medium by the addition of CPT. In addition, hyphal cells of all deletion mutants of genes in the MAPK pathway were induced on YE agar plates containing CPT. By contrast, the ras1 Sj deletion mutant was not able to invade into the agar medium containing CPT. Thus, ras1 Sj is involved in hyphal induction by CPT.
When we tested hyphal induction on YMA plates, we obtained similar results-i.e. hyphal cells were induced in all deletion mutants of genes in the Ras1-MAPK pathway except the ras1 Sj deletion mutant (Fig. 2) . 
Activation of Ras1 by Efc25 is involved in hyphal induction
We found that Ras1 was absolutely required for hyphal induction in Sz. japonicus regardless of the MAPK pathway. Ras1 is a G protein, or a guanine-nucleotide-binding protein, and a GTPbound form can transmit signals in cells. The process of exchanging the bound nucleotide is facilitated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). The fission yeast includes one GAP, Gap1, and two Ras1-GEFs, Ste6 and Efc25. Ste6 and Efc25 act as the main activators for the MAPK pathway and Cdc42 pathway, respectively (Fig. 3A ) (Hughes, Yabana and Yamamoto 1994; Tratner et al. 1997; Papadaki et al. 2002; Weston et al. 2013) . Next, we focused on the regulators of Ras1 activity to elucidate how Ras1 is involved in the hyphal induction. To reveal whether these regulators are involved in hyphal induction, we deleted the ortholog genes of ste6 Sj , gap1 Sj and efc25 Sj , respectively. We tested whether these deletion mutants showed a sterile phenotype, because ste6 is sterile in Sz. pombe. After mating with their heterothallic counterparts, spores were detected in the culture of the wild-type cells, in which the sporulation rate was 22% ( Fig. 3B and C (Fig. 4) . Therefore, activation of Ras1 by Efc25 is responsible for hyphal induction, but ste6 Sj is not involved in this process.
The Ras1-Cdc42 pathway is essential for hyphal induction
Ras1 activated by Efc25 transmits signals to the Cdc42 pathway. As shown in Fig. 3A , Scd1 and Scd2 are a Cdc42 GEF and its scaffold protein, respectively. Both must be activated by Ras1-GTP for the signal transduction of the Cdc42 pathway (Fukui and Yamamoto 1988; Chang et al. 1994; Chang et al. 1999) . In Sz. pombe, the Ras1-Cdc42 pathway contributes both to mating responses and the regulation of cell polarity. Interestingly, Cdc42 is required for the hyphal transition of C. albicans and pseudohyphae formation of S. cerevisiae (Mösch, Roberts and Fink 1996; Ushinsky et al. 2002; vandenBerg et al. 2004) . All of the factors in the Ras1-Cdc42 pathway are also conserved in Sz. japonicus. Therefore, we considered that the Ras1-Cdc42 pathway is involved in the hyphal transition of Sz. japonicus. To examine this idea, we constructed deletion mutants of scd1 Sj and scd2 Sj , but not cdc42 Sj , because the cdc42 gene is essential for cell growth in Sz. pombe. The scd1 Sj and scd2 Sj deletion mutants were sterile, as seen in Sz. pombe (Fig. 3B) . In addition, they were unable to develop hyphal cells by nutrient deterioration on YMA medium or CPT addition to YE medium (Fig. 4) . These results support the notion that the Efc25-dependent activation of Ras1 participates in signal transduction to Scd1 and Scd2. It seems likely that one target of such signal transduction is Cdc42. Cdc42 is probably an important factor for hyphal induction or development of Sz. japonicus, as in the case of C. albicans.
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The Ras1-Cdc42 pathway is involved in the regulation of cell morphology
The Cdc42 pathway has been shown to be involved in the formation of cell polarity to maintain elongated cells. Thus, in Sz. pombe, inactivation of the Cdc42 pathway results in roundshaped cell morphology (Chang et al. 1994) . Based on this finding, the cell polarity governed by Cdc42 would be especially important for the development of elongated cells such as hyphal cells. To test whether deletion of the genes involved in the Ras1-Cdc42 pathway affects the cell morphology in Sz. japonicus, we observed the cell morphology of deletion mutants. The ste6 Sj cells and gap1 Sj cells had rod-shaped morphology as seen in the wild-type cells (Fig. 5A) . By contrast, round-shaped cells were observed in the ras1 Sj , efc25 Sj , scd1 Sj and scd2 Sj mutants.
These results indicate that the Ras1-Cdc42 pathway of Sz. japonicus contributes to the maintenance of cell polarity to form a rodshaped cell. When a yeast cell transits to a hyphal cell, the yeast changes the bipolar growth for the apical growth, and then the yeast cell elongates as a hypha. This indicates that the regulation of cell polarity changes as the hypha is induced. We tested whether the mutations in the Ras1-Cdc42 pathway perturb the control of cell polarity during hyphal transition. To determine this, we observed the cell morphology after addition of CPT. In wildtype cells and ste6 Sj cells, the yeast cells became elongated, indicating that hyphal cells were induced normally ( Fig. 5B and  C) . On the other hand, hyphal cells were not induced in the ras1 Sj , efc25 Sj , scd1 Sj and scd2 Sj mutant cells. These mutants showed round-shaped cells, the sizes of which were bigger than before the addition of CPT, suggesting their cell polarity was perturbed. The sole exception was that the scd2 cells became rod-shaped due to the elongation of round-shaped cells by CPT, but the elongation of cells was not sufficient for the formation of filamentous cells such as hyphae. Interestingly, the addition of CPT elongated the gap1 Sj cells, which adopted a morphology similar to the wild-type cells, despite the inability of these cells to develop hyphae on agar plates (Figs 4 and 5B). In the wild-type cells, as the hyphal cell developed, large vacuoles appeared at the side opposite the growing tip (Fig. 5D) (Onken et al. 2006) . Regulation of cell morphology requires signals through the Scd1-Scd2-Cdc42 pathway. Hyphal induction also requires the Scd1-Scd2-Cdc42 pathway to form elongated cells (Fig. 6A ). Scd1 is a major factor for the transmission of signals from Ras1 to the Cdc42 pathway. However, Scd2 is a minor factor for signal transmission of Ras1 because the scd2 Sj deletion mutant was slightly elongated and invaded into the medium. In addition, proper hyphal development requires not only strength of Ras1 activity, but also downregulation of activated Ras1. In the gap1 deletion mutant, the cells were elongated as hyphal cells as seen in the wild type, but the elongated cells were not able to grow as proper hyphal cells that included well-developed vacuoles (Fig. 6B ). This indicates that Gap1 is required for the polarized vacuole development in hyphae. It is conceivable that the Ras1-Scd1-Scd2-Cdc42 pathways are involved in development of hyphal cell morphology after the transition from yeast to hyphal cells. In addition to the Cdc42 pathway, signals of Ras1 activate cAMP signal transduction pathways due to the activation of adenylate cyclase Cyr1 by Ras1 (Fang and Wang 2006) . Similarly, Sz. japonicus Ras1 is speculated to activate cAMP signal transduction pathways for hyphal development. In fact, the environmental cAMP concentration in the medium contributes to activation of the switch from yeast to hyphal cells in Sz. japonicus (Sipiczki, Takeo and Grallert 1998) .
We examined three MAPK pathways to identify the signaling cascades that transmit environmental cues. However, other nutrient-sensing pathways not examined in this work might also be involved in nutrient-dependent hyphal transition. We consider that a Tor-dependent pathway might be one of the possible mechanisms for sensing environmental cues for hyphal induction. It is also expected that the regulation of gene expression by transcription factors and regulation of protein activity by post-transcriptional modifications such as phosphorylation might be regulated by Ras1 for hyphal transition in Sz. japonicus.
Cdc42 also plays a central role in polarized hyphal growth in filamentous fungi, such as Aspergillus nidulans and Neurospora crassa. In these filamentous fungi, deletion of Cdc42 impairs cell morphogenesis but the deletion mutants are still viable. However, simultaneous disruption of Cdc42 and another GTPase, Rac, results in synthetic lethality, because Rac shares an overlapping function with Cdc42 (Virag et al. 2007; Araujo-Palomares et al. 2011) . Rac is not conserved in Sz. pombe and S. cerevisiae, and Cdc42 is essential in these species. Indeed, Cdc42 is involved in the polarized growth of invading filaments in Sz. pombe (Dodgson et al. 2010) . Sz. japonicus also lacks Rac. Consequently, it is likely that cdc42 Sj is also essential for the polarized growth of invading filaments and yeast growth in Sz. japonicus. Indeed, the positive regulators for the Cdc42 pathway, Scd1 and Scd2, were required for hyphal growth. Therefore, we considered that the Ras1-Cdc42 pathway would be required for hyphal growth in Sz. japonicus. Enczi and Sipiczki reported the isolation and characterization of mutants that were unable to form hyphae (Enczi, Yamaguchi and Sipiczki 2007) . Some of their mutants exhibited the round-cell morphology and criss-cross placement of the septum. It is likely that these mutants were defective in the regulation of cell polarity, such that bidirectional elongation and the regular positioning of septum formation were perturbed.
